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Effects of Preferential
Concentration on Heat Transfer
in Particle-Based Solar
Receivers
The working principle of particle-based solar receivers is to utilize the absorptivity of a
dispersed particle phase in an otherwise optically transparent carrier fluid. In compari-
son to their traditional counterparts, which use a solid surface for radiation absorption,
particle-based receivers offer a number of opportunities for improved efficiency and heat
transfer uniformity. The physical phenomena at the core of such receivers involve cou-
pling between particle transport, fluid turbulence, and radiative heat transfer. Previous
analyses of particle-based solar receivers ignored delicate aspects associated with this
three-way coupling. Namely, these investigations considered the flow fields only in the
mean sense and ignored turbulent fluctuations and the consequent particle preferential
concentration. In the present work, we have performed three-dimensional direct numeri-
cal simulations of turbulent flows coupled with radiative heating and particle transport
over a range of particle Stokes numbers. Our study demonstrates that the particle prefer-
ential concentration has strong implications on the heat transfer statistics. We demon-
strate that “for a typical setting” the preferential concentration of particles reduces the
effective heat transfer between particles and the gas by as much as 25%. Therefore, we
conclude that a regime with Stokes number of order unity is the least preferred for heat
transfer to the carrier fluid. We also provide a 1D model to capture the effect of particle
spatial distribution in heat transfer. [DOI: 10.1115/1.4035163]

1 Introduction

Absorption of more than 3� 1024 J/yr of solar energy by the
earth [1] has made solar energy technologies of paramount impor-
tance in the category of sustainable energies. Similar to fossil-
fueled thermal plants, the main objective in a solar thermal power
plant is to raise the temperature of a working fluid. The high tem-
perature fluid is then exploited in a thermodynamic cycle such as
the Brayton cycle to produce electricity [2]. Solar thermal systems
can also be exploited in chemical plants such as methane splitting
reactors [3]. In a concentrated solar power system, mirrors con-
centrate the radiative energy toward a central receiver, where the
energy is transferred to a working fluid. Some of the relatively
recent designs of such plants are explained by Romero et al. [4].
Conventionally, the radiant heat flux is absorbed by an opaque
solid surface on a tube or duct through which the working fluid is
streaming. Thermal energy then transfers to the fluid via thermal
conduction through the wall. Although this technology is widely
adopted in solar thermal plants due to its low cost and low com-
plexity of implementation, it suffers from various heat loss mech-
anisms. One such loss mechanism is heat transfer from the solid
absorber to the environment by both conduction and convection.
Another more important mechanism is radiation loss to the envi-
ronment. Given the short residence time of the fluid in such heat-
ing chambers, the heating surface is typically at temperatures
significantly higher than the mean exit temperature of the fluid
(e.g., Abdelrahman et al. [5] reported a wall temperature close to
1750 K while the gas temperature is about 1000 K). Due to the
steep dependence of radiative emission on temperature, these
surfaces typically radiate a significant portion of the incident
energy back to the environment [6]. Minimizing this loss requires

designs in which the maximum temperature is as close to the
mean exit temperature as possible.

One potential remedy that can address this issue is to transfer
radiation energy directly to the working fluid, thus minimizing the
need for a temperature difference to drive a heat flux to the fluid.
Minardi and Chuang [7] experimentally investigated the idea of
direct absorption of solar energy by a black liquid. In such
designs, the working fluid is moving through a transparent tube
which allows direct absorption of the radiation by the fluid. Essen-
tially, the fluid is heated volumetrically in this design as opposed
to the conductive heat transfer from the surface of an opaque hot
tube.

An alternative method that allows direct heating is to seed the
fluid with small particles as shown in Fig. 1. This idea was first
proposed by Abdelrahman et al. [5] and Hunt [8], and has been
recently extended by others. Several experimental studies investi-
gated particle-based solar receivers for heating gases in the con-
text of various applications including a process gas [9–12], solar
powered gas turbine systems [13,14], and decomposition of
methane [15].

Fig. 1 Schematics of a particle-based solar receiver (a) in con-
trast to a conventional receiver (b)
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Lab-scale experiment

Air flow duct

4 cm square duct
Ubulk ≈ 8 m/s
Reτ ≈ 600

Nickel particles

dp ≈ 8 - 15 µm
d+p ≈ 0.2 - 0.4
St+ ≈ 20 - 60

Laser diode array

1 - 2 kW
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Close experimental-computational collaboration for modeling & validation.

particle concentration

gas & particle velocities

gas temperature

radiation transmission
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Validation: DNS with point-particles

Stanford	PSAAP	II

Numerical	setup

• Experiments:	Reb =	20k	(±1.2%),	Radiation 1	kW,
– Mass	loading	ratio	(MLR)	=	0-20-40%
– Development	section	of	5	m,	radiated	section	of	16	cm,	
– Temperature	probe	5.5	cm	downstream

• Numerical	modeling
– Reb =	20k
– Mass	Loading	Ratio	(MLR)	=	0-20-40%

4𝐻

Shield

Diodes

staggered Cartesian mesh (2nd order)

low Mach compressible

point-particle, Schiller-Naumann drag

discrete ordinates method (DOM)
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4𝐻

Shield
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9

Mean concentration: turbophoresis & p-w collisions

•  

 experiments

DNS no collisions

DNS collisions

DNS wall-normal
Inclined plane, poor wall resolution

 

Stanford	PSAAP	II

Final	results
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MLR	20% MLR	40%

Temperature	elevation	at	the	measurement	plane

Baseline	BCs

• Uniform	DOM	input	intensity
• Transparent	walls
• Uniform	conductive	heat	flux	(1%	wall	absorption)
• Baseline	particle	properties	[Qa,	Qs]	=	[0.39,	0.72]

”Improved”	BC	and	parameters
• DOM	input	intensity	from	MCRT
• Partially	reflecting	(diffuse)	walls
• Uniform	conductive	heat	flux	(1%	wall	

absorption)
• Particle	properties	accounting	for	particle	

oxidation	[Qa,	Qs]	=	[0.53,	0.52]
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Outline

1 Turbophoresis

2 Wall-modeled LES

3 Super-particle collisions
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Particle-based solar receivers

Radiation absorbed by suspended particles

Ideal case, uniform n(x):

I(x) = I0 exp(−σnApx)

Turbophoresis → non-uniform n(x):

I(x) = I0 exp

(
−σAp

∫ x

0
n(ξ)dξ

)

Particle absorption

Turbulent Flow

Temperature Profile

Solar 
Radiation

Turbophoresis: the tendency for particles to migrate in the direction of
decreasing turbulence level (Caporaloni 1975; Reeks 1983)

in a wall-bounded flow, particles migrate toward walls
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Turbophoresis in a channel flow

Particles: dv
dt = u−v

τp
, where τp =

ρpd2p
18µf

; define St+ = τ+p

Momentum conservation: 〈v2y |y〉dCdy =
〈uy |y〉
τp

C︸ ︷︷ ︸
biased sampling

− d〈v2y |y〉
dy C︸ ︷︷ ︸

turbophoresis

(a)

(b)

DNS grid

WMLES grid

u+
1

u+
1
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Turbophoresis vs. biased sampling

Formal solution of momentum conservation:

C(y) = N exp

(
1

τp

∫ y 〈uy|η〉
〈v2y |η〉

dη︸ ︷︷ ︸
biased sampling

−
∫ y d ln〈v2y |η〉

dη
dη

)
︸ ︷︷ ︸

turbophoresis
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Negligible biased sampling?

C(y) =
N
〈v2y |y〉

exp

(
1

τp

∫ y 〈uy|η〉
〈v2y |η〉

dη

)
︸ ︷︷ ︸

neglible at St+ � 1?
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Particle-particle collisions

As bulk volume fraction (ΦV ) increases, collisions between particles
significantly affect turbophoresis.
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Turbophoresis summary

Turbophoresis: Fturb ∼ d〈v2y |y〉
dy

Pushes particles toward walls

Biased sampling: Fbias ∼ 〈uy|y〉/τp

Push particles away from walls

Net result: near-wall concentration peak

biased sampling negligible: St+ & 100
what does this mean for WMLES?

Collisions decrease turbophoresis

enforce max near-wall φv
what does this mean for super-particles?
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Wall-modeled LES

(a)

(b)

DNS grid

WMLES grid

u+
1

u+
1

∂ũ

∂t
+ ũ · ∇ũ = −∇p̃+ ν∇2ũ−∇ · σ, ∇ · ũ = 0,

staggered mesh, 2nd-order central differencing
dynamic Smagorinky SGS stress, σij = −2(Cs∆)2|S̃|S̃ij
algebraic equilibrium wall-model, u‖(y1/2) = u∗

[
1
κ ln

(
y1/2u∗
νf

)
+B

]
,
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algebraic equilibrium wall-model, u‖(y1/2) = u∗

[
1
κ ln

(
y1/2u∗
νf

)
+B

]
,
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Advecting particles in wall-modeled LES(a)

(b)

DNS grid

WMLES grid

u+
1

u+
1

dv

dt
=

u− v

τp
=

ũ− v + u′

τp

trilinear interpolation for ũ at particle location, u′ = 0

near-wall treatments (‘equilibrium interpolation’):

I‖: ũ‖(yp) = F‖(y
+
p )ũ‖(y1/2), F‖(y

+) = 〈u‖(y+)〉/〈u‖(y+1/2)〉
I⊥: ũ⊥(yp) = F⊥(y+p )ũ⊥(y1/2), F⊥(y+) = 〈

√
u′2⊥(y+)〉/〈

√
u′2⊥(y+1/2)〉

how important is u′ vs. specialized interpolation
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ũ− v + u′

τp

trilinear interpolation for ũ at particle location, u′ = 0
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I‖: ũ‖(yp) = F‖(y
+
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Interpolating streamwise velocity

St+ = 8

100 101 102
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0
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〈u
+ x
〉

DNS

WMLES

WMLES–I‖
WMLES–I‖,I⊥

St+ = 128
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y+
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〈u
+ x
〉

DNS

WMLES

WMLES–I‖
WMLES–I‖,I⊥

Biased sampling of low speed streaks reduces mean streamwise velocity.

Less important at higher St+
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Interpolating wall-normal velocity

St+ = 8

100 101 102
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DNS-informed wall-normal velocity → more accurate turbophoresis.

Not trivial, because vy 6= uy

Perry L. Johnson Wall-bounded particle-laden flows May 14, 2019 18 / 35



Biased sampling in wall-modeled LES

St+ = 8

100 101 102

y+

10−3

10−2

10−1

100

101

P
ho

re
si

s
In

te
gr

al
s

Sampling bias

Turbophoresis
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Sampling bias

Turbophoresis

Less near-wall flow structures, WMLES under-predicts biased sampling.

Likely worse at higher Reτ
However, biased sampling less important at larger St+
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Concentration profiles in wall-modeled LES

St+ = 8
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Physics-based interpolation helpful at St+ = 128, small biased sampling.

Clear need for u′ at St+ = 8 (future work)
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Wall-modeled LES summary

Wall-modeled LES

reasonable cost at high Re
lacks details of near-wall structures

How to set ũ at yp < y1?

default (trilinear) interpolation
I‖: law of the wall interpolation
I⊥: wall-normal rms interpolation

Importance of u′

vital for biased sampling

High St+

biased sampling negligible
with I⊥, turbophoresis well-matched

Low St+

biased sampling is key
future work: represent u′
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Outline

1 Turbophoresis

2 Wall-modeled LES

3 Super-particle collisions
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Particle-Particle Collisions & Turbophoresis

As global volume fraction (ΦV ) increases, particle-particle collisions
redistribute and transfer fluctuation energy (e.g. at St+ = 32 below)
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ΦV = 1e-4

Concentration profile is very sensitive to volume fraction.
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Multifidelity Uncertainty Quantification (UQ)1

High fidelity

PP-DNS + DOM (square duct)

volume fraction ∼ 2× 10−5

each run: ∼ 500 hrs, 1024 CPU

vary 14 input uncertainties

Low fidelity

LES (dynamic Smagorinsky)

coarser ×10 in dx, dy, dz, dt

reduction ×10 in # of particles
(deterministic collisions)

Low fidelity
susceptible to
volume fraction
sensitivity.

1H. R. Fairbanks, L. Jofre, G. Geraci, G. Iaccarino, A. Doostan. Bi-fidelity
approximation for uncertainty quantification and sensitivity analysis of irradiated
particle-laden turbulence. Under review in Journal of Computational Physics.
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vary 14 input uncertainties

Low fidelity

LES (dynamic Smagorinsky)

coarser ×10 in dx, dy, dz, dt

reduction ×10 in # of particles
(deterministic collisions)

     - Sensitivities dominated by heat flux losses at radiated (ξ12) and opposite (ξ13) walls
     - Sensitivities “re-normalized” without uncertainties  ξ12 and  ξ13 are summarized in the table below

QoI \ ξ 1 2 3 4 5 6 7 8 9 10 11 14

Mean T 0.02 0.01 0.01 0.04 0.07 0.30 0.01 0.01 0.49 0.04 0.01 ≈0.0

Heat flux ≈0.0 0.01 0.10 0.09 0.02 0.10 0.05 0.01 0.52 0.09 ≈0.0 0.01

y=0.001 ≈0.0 0.09 0.05 0.05 0.09 0.06 0.09 0.19 0.28 0.02 0.08 0.01

y=0.005 0.03 0.01 0.09 0.15 0.02 0.08 0.10 0.06 0.11 0.17 0.06 0.12

- Ensemble average (16 HF samples) of probe temperature profile & experimental data shown in Fig. 2.
Numerical solution agrees well between 0.005 < y < 0.02. Discrepancy for y < 0.005, which, as shown
by the importance of uncertainty ξ12 on the pie diagram, could be related to an overestimation of the
heat flux at the radiated wall.

Figure 2: Ensemble average (mean + CI) of 16 HF samples of probe temperature profile with comparison against
experimental data (left). Sobol indices computed from Bi-Fidelity 1 of temperature profile at y=0.001 (right).

- Conclusions for the 3rd campaign:

     - Intervals of the heat flux losses (ξ12 and  ξ13) need to be improved (less wide & more accurate)
     - Table above indicates that the other ξ may be also important if ξ12 and  ξ13  are better characterized

- Justification for the intervals of the stochastic variables in the 3rd campaign:

     1.- Particle restitution coefficient class 1: [0.0 : 0.6]
     2.- Particle restitution coefficient class 2: [0.1 : 0.7]   Intervals capture exp. prt. rest. coeff. vs diameter trend
     3.- Particle restitution coefficient class 3: [0.2 : 0.8]   Yang & Hunt. Dynamics of particle-particle collisions in
     4.- Particle restitution coefficient class 4: [0.3 : 0.9]                         a viscous liquid. PoF 18, 121506, 2006.
     5.- Particle restitution coefficient class 5: [0.4 : 1.0]

     6.- Stokes drag correction: [1.0 : 1.5] Based on Jeremy’s and Mahdi’s investigations
     7.- Particle Nusselt number: [1.5 : 2.5] Based on Swetava’s investigations
     8.- Mass fraction ratio: [37 : 43] % ±7.5% of the nominal value based on previous experience

Low fidelity
susceptible to
volume fraction
sensitivity.

1H. R. Fairbanks, L. Jofre, G. Geraci, G. Iaccarino, A. Doostan. Bi-fidelity
approximation for uncertainty quantification and sensitivity analysis of irradiated
particle-laden turbulence. Under review in Journal of Computational Physics.
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A Super-Particle Approach

ẋ(i) = v(i), v̇(i) = a
e.g.
= u(x(i),t)−v(i)

τp

Statistical weight: W (i) = W = Np/Nc

f(X,V) =
〈∑Nc

i=1W
(i)δ
(
X− x(i)

)
δ
(
V − v(i)

)〉
∂tf +∇X · (Vf) +∇V · (〈a|X,V〉f) = ḟcoll

ḟcoll ∼ N2
p d

2
p vrel / W

Invariance with W is broken by collision term, ḟcoll.

64

W=1

W=4

16
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Collision Scaling

Collision velocity, vrel(d) ∼ dh, h =

{
1, small St+ (smooth)
0, large St+ (ballistic)

# of collisions decreases as W increases: ḟcoll ∼ N2
p
d2+h
p

W

Correct by changing collision diameter: ḟcoll ∼ N2
p
d2+h
c
W

For invariance with W : dc = dp W
1/(2+h)

Relative velocity via restitution coefficient: ec = ep W
−h/(2+h)

Example: W = 64

low St, ‘smooth’, (α = 1/3, ‘const. vol. frac.’): dc = 4dp
high St, ‘ballistic’, (α = 1/2, ‘const. swept vol.’): dc = 8dp

Effective collision diameter
scaling should depend on St+.
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Results for St+ = 128 (ΦV = 1× 10−5)

‘no correction’
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At St+ = 128, the ‘ballistic’ scaling, h = 0, seems effective.
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Results for St+ = 32 (ΦV = 3× 10−5)

‘no correction’
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At St+ = 32, the ‘ballistic’ scaling, h = 0, seems effective.
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Results for St+ = 8 (ΦV = 1× 10−4)

‘no correction’
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At St+ = 8, the ‘smooth’ scaling, h = 1, seems better.
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Results for St+ = 8 (ΦV = 1× 10−4)
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At St+ = 8, the ‘smooth’ scaling, h = 1, seems better.
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Results for St+ = 8 (ΦV = 1× 10−4)
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At St+ = 8, the ‘smooth’ scaling, h = 1, seems better.
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Results for St+ = 8 (ΦV = 1× 10−4)

‘no correction’
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At St+ = 8, the ‘smooth’ scaling, h = 1, seems better.

Perry L. Johnson Wall-bounded particle-laden flows May 14, 2019 29 / 35



Results for St+ = 2 (ΦV = 1× 10−4)

‘no correction’
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At St+ = 2, low sensitivity to collisions.
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Local model for h

Limiting behaviors confirmed:

h = 0 works better for St+ ≥ 32

h = 1 works better for St+ ≤ 8

For each collision, detect h based on:

b =
|vrel|τp
dc − dp

=
stopping distance

additional distance travelled to collision

Limiting behaviors are:

b→ 0: slaved to relative flow velocity, ‘smooth’, h = 1

b→∞: ‘ballistic’, h = 0

Proposed form:

h = exp

(
− b

btr

)
with one free parameter, btr, to be determined empirically.
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Results for btr = 32
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Super-particle collisions summary

Super-particle approach: Nc < Np

turbophoresis sensitive to ΦV
broken invariance of statistical evolution
with W = Np/Nc

Enhanced collisional diameter, dc

retain deterministic collisions

Two limits, two scalings

large St+: dc ∼W 1/2

small St+: dc ∼W 1/3

Determine h for each collision

h = h(|vrel|, τp)
dc ∼W 1/(2+h)

ec ∼W−h/(2+h)
effective across all St+
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Turbophoresis, biased sampling, and wall-modeled LES
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Backup slides
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A Closer Look: St+ = 128, h = 0 (ballistic correction)
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A Closer Look: St+ = 32, h = 0 (ballistic correction)
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A Closer Look: St+ = 8, h = 1 (smooth correction)
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